AbstrAct
Limited information is available on switchgrass (Panicum virgatum L.) productivity in semiarid environments. A field experiment was conducted in semiarid Colorado, with the objectives were to determine: 1) aboveground biomass production of six upland switchgrass cultivars, and 2) soil organic carbon content of two switchgrass cultivars grown on a marginally saline soil under rainfed and minimal irrigation conditions. The experiment was a split plot design with rainfed vs. minimal irrigation treatment as the main plot and six cultivars [three southern cultivars (Blackwell, Pathfinder, and Trailblazer) and three northern cultivars (Sunburst, Forestburg, and Dacotah)] as subplot with three replications. Aboveground biomass for the six cultivars ranged from 1.1 to 7.8 Mg ha -1 yr -1 in the establishment year, and 3.2-9.3 and 3.3-11.7 Mg ha -1 yr -1 under rainfed and minimally irrigated conditions, respectively, during the following three stand years. Minimal irrigation (mean annual irrigation water of 21 cm) increased biomass yield compared to the rainfed control. Southern-origin cultivars produced more biomass than the northern lines under both rainfed and minimal irrigation. Four years after establishment, within the top 0.6 m of soil, irrigation increased root biomass, with averages of 9.9 and 5.2 Mg ha -1 yr -1 for irrigation and rainfed treatments, respectively. Soil organic carbon accumulated rapidly at 0-20 cm soil depth in Blackwell and Pathfinder plots, at the rates of 1.07-1.36 Mg C ha -1 yr -1 . Switchgrass growth in the semiarid environment was improved with limited supplemental irrigation and had the potential to sequester C into soil.
core Ideas
• In this study, switchgrass grew well on marginally saline soil with limited irrigation. • The southern-origin cultivars had greater biomass yield than the northern cultivars. • Irrigation increased above and below ground biomass, but not soil C and N content. • Switchgrass had the potential to sequester C into the soil.
IntroductIon
S witchgrass has considerable potential as a feedstock for bioenergy production because of high biomass yield, water use efficiency, and salinity tolerance (Jungers et al., 2015; Wagle et al., 2016) . It is generally considered to have a wide range of adaptability across varied landscapes, soil types, and ecozones, and has the potential for production on marginal lands not well suited to food or feed production because of the low productivity due to inherent edaphic or climatic limitations (McLaughlin and Kszos, 2005; Schmer et al., 2008; Gelfand et al., 2013; Smith et al., 2013; Qin et al., 2015; Gu and Wylie, 2016; Oliveira et al., 2017) . To date, much work has been done with regard to its biomass production, management, and soil C sequestration at various locations (McLaughlin and Kszos, 2005; Collins et al., 2010; Pedroso et al., 2013; Bonin and Lal, 2014; Emery et al., 2016) . However, switchgrass growth, biomass production, and soil C sequestration in semiarid environments have not been fully evaluated.
Competition for arable land and water resources, and the heavy reliance of fossil fuel based agricultural inputs have been of concern regarding bioenergy production . Biomass generation for bioenergy needs should not compete for fertile land used for food production. Competition for arable land can be avoided if switchgrass is grown on marginal and degraded soils no longer used for agriculture (Sarath et al., 2008; Kering et al., 2013; Marra et al., 2013) . Thus, emphasis should be placed on developing energy crops that thrive with minimal inputs on marginal land.
Millions of hectares of land around the world have been degraded by unsustainable management practices that lead to lower soil organic matter (SOM), high soil salinity, and invasion of weeds (Milbrandt et al., 2014) . These types of soil degradation are very difficult to reverse, because they require a long period of time to rebuild SOM and microbial communities (McDaniel et al., 2014) . Switchgrass has a deep and productive root system that can extend over 3.3 m into the soil (Ma et al., 2000) . It can sequester large quantities of C into soil via the root system which is eventually turned into SOM through trophic processes associated with soil microbes. Thus, planting switchgrass could lead to improvement of marginal lands.
Water is the most common growth-limiting factor in semiarid agriculture. Biofuel crop production should not compete with agricultural, industrial, and urban water uses. Moreover, irrigation is energy intensive and will raise production costs (Sampson et al., 1993) . To conserve resources, it is desirable to grow biofuel crops without irrigation or with marginal quality water that is not suitable for irrigation of high value crops, such as vegetables, corn, and beans.
We hypothesize that upland switchgrass cultivars could grow well in semiarid Colorado with limited supplemental irrigation and have the potential to sequester C into the soil. Therefore, the objectives were: to evaluate aboveground biomass production of six upland switchgrass cultivars [three cultivars originating from Nebraska, Kansas, or Oklahoma (southern cultivars) (Blackwell, Pathfinder and Trailblazer) and three cultivars originating from North or South Dakota (northern cultivars) (Sunburst, Forestburg and Dacotah)], and 2) to determine root growth and soil organic carbon content of two switchgrass cultivars (Blackwell and Pathfinder) with all grown on a marginally saline soil under rainfed and minimal irrigation conditions. mAterIAls And methods experimental site, switchgrass establishment, and management The field experiment was conducted at the Colorado State University Horticultural Field Research Center (40.6126°N, 104.9947°W, elevation 1526 m) in Fort Collins, CO. Soil type at the study site is a Nunn clay loam (fine, smectitic, mesic Aridic Argiustoll) with a soil pH of 8.1 and a salinity level of ~ 4.2 dS m -1 which is classified as marginally saline (Katerji et al., 1994; Vasilakoglou et al., 2011) . The initial soil N, P, and K contents were 7.0, 3.7, and 156.0 mg kg -1 , respectively. The climate is semiarid, with a mean annual precipitation of 38 cm. Before establishment of the switchgrass study, the site had previously grown saltgrass [Distichlis spicata (L.) Greene]. In 2008, the saltgrass was eliminated through cultivation and repeated use of glyphosate herbicide [N-(phosphonomethyl) glycine] at 5.7 a.i. ha -1 . The study site was divided into six main plots, each main plot measuring 40 × 10 m to accommodate two irrigation treatments with three replications. Within each main plot, six cultivars of switchgrass were planted as slit plots (experimental units) (5 × 10 m).
Six upland switchgrass cultivars, three southern cultivars (Blackwell, Pathfinder, and Trailblazer) and three northern cultivars (Sunburst, Forestburg, and Dacotah), were selected for this study (Table 1) . The six cultivars are all upland ecotypes of switchgrass because of their superior winter hardiness and drought tolerance, both of which are required for growth under Colorado's widely variable climate (Stroup et al., 2003) . The geographical origins of cultivars are listed in Table 1 . Switchgrass was seeded on 18 May, 2008 at a rate of 11 kg ha -1 pure live seed to a depth of 1.2 cm using a Brillion seeder (Brillion Farm Equipment, Sure Stand Model SSP-8, Brillion, WI). Immediately after seeding, all plots were irrigated every other day with 1 cm of irrigation water for 3 wk. Irrigation was then reduced to 1 to 2 times per week for 3 wk. Thereafter, irrigation was only provided when plants showed drought stress. The average and standard error of water quality values and nutrient contents of the water source were presented in Table 2 . Generally, irrigation water with electrical conductivity (EC w ) greater than 1.2 dS m -1 is considered marginal quality for sensitive crops and/or clayey soils (Ayers and Westcot, 1985; Beltrán, 1999) . Irrigation water used in this study had marginal quality with an average EC w of 3.1 dS m -1 .
Prior to seeding in 2008, N (at 50 kg N ha -1 ) and P (at 45 kg P ha -1 ) fertilizers were applied. Nitrogen was applied as urea (46-0-0) and P as monoammonium phosphate (11-52-0) . No fertilizer was applied in 2009. In 2010 and 2011, N fertilizer was applied at 50 kg N ha -1 yr -1 in May (Table 3) .
Two irrigation treatments were initiated in 2009. The experimental design was a split-plot arrangement in a randomized complete block design. The irrigation treatments were assigned as the whole plot factors, and six switchgrass cultivars were arranged randomly within the whole plots-as the subplot factors. Subplots measured 5 m ×10 m with a 1-m wide border. Each treatment was replicated three times. Irrigation treatments consisted of (i) no irrigation (i.e., completely rainfed), and (ii) irrigated with 2 cm of irrigation water only when switchgrass exhibited significant drought stress symptoms, such as visible leaf wilt and leaf blade rolling. The total annual precipitation received for rainfed plots varied from year to year with 56 cm in 2009, 35 cm in 2010, and 43 cm in 2011. For minimal irrigation treatment, the total water (precipitation + irrigation) received ranged from 63 cm in 2009 and 2010, and 71 cm in 2011 (Table 3) .
To reduce weed population, herbicide applications were made during establishment in 2008: 2,4-D (2, 4-dichlorophenoxyacetic acid) at 1.4 kg a.i. ha -1 on 26 June; quinclorac (3,7-dichloro-8-quinolinecarboxylic acid) at 0.25 kg a.i. ha -1 on 26 June and 28 August; and atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) at 1.4 a.i. on 14 August. Weed pressure from 2009 to 2011 for established switchgrass was much less than in 2008. Therefore, only one application of the pre-emergent herbicide pendimethalin (N-(1-ethylpropyl)-2,6-dinitro-3,4-xylidine) at 1.1 kg a.i. ha -1 was made in April 2009 April , 2010 April , and 2011 .
data collection and Analysis
The number of germinated switchgrass seedlings in a 1-m 2 area was counted at 22 d after seeding. Coverage was estimated on a 0 to 100% scale by visually estimating percentage of the area covered with switchgrass in relation to the whole plot area. Weed invasion of each plot was rated as percent area covered with weeds. Grass color was rated on a 1 to 5 scale where 5 was dark green color and 1 was brown color in September 2008.
To determine aboveground biomass yield, all plots were harvested in late October to early November using a New Holland 1469 Haybine swather with a 2.8 m cutting width. Tillers were cut about 12.5 cm above the soil surface. Fresh weight of all aboveground biomass from each plot was weighed in the field using a hanging load cell scale suspended on a truck bed. Subsamples (approximately 0.5 kg) were collected from the bulk sample and weighed, dried at 55°C for 3 d in a forced-air oven, and reweighed to determine biomass water content for each plot. Fresh weight of aboveground biomass was converted to dry weight based on biomass water content.
vPrior to seeding in May 2008, soil samples were collected at 0-20 cm depth for soil C content measurement. In late October 2011, the fourth year after switchgrass establishment, root biomass and soil C and N content in the plots of Blackwell and Pathfinder (the two cultivars with the greatest biomass) were sampled and analyzed after aboveground biomass harvesting. Soil and root samples were taken from four randomized sites in each plot using a modified method as described by Ma et al. (2001) . On each sample site, we extracted four 5.0-cm diameter soil cores with roots (half were taken within the row of tillers, and half were taken between the rows of tillers) and mixed into one sample. Soil cores were collected at 0-10, 10-20, 20-40, and 40-60 cm depths using a hydraulic soil probe (#15-SCS Model GSRPS, Giddings Machine Company Inc., Windsor, CO). Soil and root samples were placed in plastic bags and transported to the laboratory where visible roots were handpicked from the soil to determine root mass. Root mass was calculated as follows:
where: RM = root mass (Mg ha -1 ); RDW = root dry weight per soil core (mg); CR = soil core radius (in this study is 2.5 cm); and 0.1 is a conversion factor from area to mass.
After roots were removed, the remainder of each soil core was air dried, ground to pass a 2-mm screen, and stored in glass bottles until measurement of soil C and N content. Soil total carbon (STC) and soil total nitrogen (STN) content were determined by dry combustion using a Carlo Erba model NA1500 automatic C-N analyzer (Hake Buckler Instruments, Inc., Saddle Brook, NJ) as described by Schepers et al. (1989) .
To calculate soil organic carbon (SOC) content, soil inorganic carbon (SIC) content was determined using a modified pressure transducer method described by Sherrod et al. (2002) . Soil organic carbon content was calculated as the difference between STC and SIC contents. The annual accumulation rate of SOC (Mg ha -1 yr -1 ) was calculated as described below:
[SOC content in the fourth year after establishment (Mg ha -1 )-initial SOC content in the establishment year (Mg ha -1 )]/4 yr.
A split-plot experimental design was used with irrigation treatment being the main plot and cultivars being the subplots. Since biomass yield was collected over several years on each plot, a repeated measure analysis was performed utilizing Proc GLM of the Statistical Analysis System (SAS Institute Inc., Cary, NC). Effects of irrigation, cultivar, year, and their interactions were determined. Significant interactions of irrigation, cultivar, and year were observed. Therefore, comparisons of cultivar within individual irrigation regime and for each year are presented, and means were separated by least significant difference at the 0.05 level of probability. In addition, comparisons of cultivars and between irrigation treatments were made for the average annual biomass yield across 2009 to 2011. Simple regressions were used to examine the relationship between root biomass and SOC stocks.
results And dIscussIon
Germination and establishment Germination rate in the field ranged from 23 to 59% among cultivars three weeks after seeding in 2008. Germination was greater for Dacotah and Trailblazer than for Pathfinder, Blackwell, and Sunburst (Table 4) . Forestburg had a greater germination rate than Pathfinder and Blackwell but a lower germination rate than Dacotah. At 37 and 51 d after seeding, plants were at the 2-3 leaf stage and 4 leaf stage, respectively. At 80 d after seeding, plants were 13-34 cm tall.
Annual weed invasion was a dominant problem during establishment. Switchgrass is slow to establish and is a weak 3.4b † DAS, days after seeding. ‡ Cultivars followed by the same letter within a column are not significantly different at P = 0.05.
competitor (low seedling vigor) with weeds when young (Parrish and Fike, 2009; Kimura et al., 2015) . The high soil pH (8.1) might also have slowed establishment of switchgrass and favored weed competition, because switchgrass is best adapted to a pH of 6.5 or lower (Hanson and Johnson, 2005) . Three herbicide applications as described previously provided > 90% weed control. After mid-July, all plots exhibited minimal weed presence.
Growth and Aboveground biomass
In 2008, southern latitude cultivars Traiblazer and Pathfinder were 103-161% taller than the northern cultivars Dacotah and Forestburg on 80 d after seeding, although Blackwell and Sunburst were not significantly different from either group (Table 4 ). The color rating indicated southern cultivars were greener than the northern cultivars at 120 d after seeding. Similarly, northern-origin cultivars having significantly lower biomass yields (avg. of 1.4 Mg ha -1 yr -1 ) compared to the southern cultivars (avg. of 6.6 Mg ha -1 yr -1 ) in 2008 (Table 5 ). The northern cultivars responded to shortening days in September by ceasing growth, with leaves gradually turning brown by late September, whereas southern lines maintained their green color until mid-October after which leaves lost color rapidly. Switchgrass cultivars of northern origin began to go dormant 2-3 wk earlier in the fall which is an adaptation that allows these cultivars to survive in colder environments. This is similar to what has been found in many warm-season grasses (Sarath et al., 2014) . Because they go dormant earlier, these cultivars also flower earlier to complete their life cycle. Among the three northern cultivars, Dacotah was the first to flower in July followed by the other two northern cultivars, Forestburg and Sunburst; once a tiller becomes reproductive, biomass increase ceases on completion of floral development. This resulted in the observed significant differences in biomass yield between the southern and northern cultivars ( Table 5) .
The year of 2009 had above average rainfall with 56 cm precipitation, which was 18 cm higher than the average. Biomass yield for the rainfed plots ranked as: Blackwell, Pathfinder, and Trailblazer > Sunburst and Forestburg > Dacotah (Table 5) . Irrigation increased biomass yield only for Trailblazer by 8.1%. No significant differences were found between irrigated and rainfed switchgrass for Blackwell, Pathfinder, and Sunburst cultivars. Surprisingly, irrigation reduced biomass yield for Forestburg and Dacotah by 19.4 and 23.3%, respectively. The lack of a positive effect of irrigation on biomass productivity likely was a result of the combination effects of the frequent irrigation supply during establishment in 2008 and the higher than average precipitation (56 cm vs. 38 cm) that occurred in 2009 (Table 3) .
In 2010 (a year with 35 cm precipitation which was close to the mean annual precipitation of 38 cm), biomass yield of Trailblazer had 38 to 66% greater yield than three northern cultivars (Sunburst, Forestburg, and Dacotah) for the rainfed plots. The yield of Pathfinder was greater than that of Docotah but not different from Sunburst or Forestburg (Table 5 ). Irrigation significantly increased biomass yield of Blackwell by 72%, Pathfinder by 49%, and Forestburg by 35%. Irrigation did not significantly increase biomass yield for Trailblazer, Sunburst, or Dacotah.
Irrigation increased biomass yield for all cultivars in 2011 (a year with precipitation of 43 cm, which is 5 cm more than the average annual precipitation of 38 cm). Yields ranged from 3.2 to 4.7 Mg ha -1 yr -1 for the rainfed plots, and significant differences in yield were observed among cultivars. Pathfinder, Trailblazer, and Blackwell had 33 to 47% greater aboveground biomass than Dacotah and Forestburg ( Table 5 ). The biomass yield of Sunburst was intermediate at 3.8 Mg ha -1 yr -1 , not significantly different from other cultivars. The biomass yield of irrigated plots ranged from 4.6 to 9.8 Mg ha -1 yr -1 with cultivars Blackwell and Pathfinder Producing 36 to 113% greater aboveground biomass than that Forestburg, Sunburst, and Dacotah (Table 5 ). In 2011, irrigation increased aboveground biomass by 39-123% compared to the rainfed treatment.
Our results showed effects of irrigation on biomass yield varied with annual precipitation and cultivar. When data from 2009 to 2011 were combined, switchgrass under minimal irrigation generally yielded 22 to 54% more biomass than the rainfed treatment for four out of six cultivars ( Table 5 ). The exceptions were Sunbust and Dacotah, both northern origin cultivars, where no significant difference in biomass yield between irrigation treatments was found for Sunbust and Dacotah. The Blackwell and Pathfinder cultivar responded to irrigation more sensitively than the cultivars Sunbust and Dacotah. The general trend was that the three northern-origin cultivars (Sunburst, Forestburg, and Dacotah) had lower biomass yield and responded less sensitively to supplemental irrigation. Therefore, northern-origin cultivars were more drought resistant compared to the southern ones § R, rainfed. ¶ Cultivars followed by the same lowercase letters within a column are not significantly different at P = 0.05. # Treatments followed by the same uppercase letters within a row are not significantly different between irrigated and rainfed at P = 0.05 in the same year.
(Blackwell, Pathfinder, and Trailblazer). Supplemental water is very important in maintaining switchgrass productivity in semiarid environments, especially the southern-origin cultivars.
Under minimal irrigation conditions, aboveground biomass yields were relatively stable among years. In contrast, biomass production decreased over time for all six switchgrass cultivars under rainfed conditions (Table 5 ). The reason for reduced biomass over years in rainfed plots could be the result of negative interactions of the two stresses in this study, i.e., an increasing soil water deficiency stress over time in the semiarid environment compounded by the influence of soil salinity stress in the marginally saline soils. Many studies have found that soil salinity levels increase during drought because less water is available to leach salts (Katerji et al., 1994; Vasilakoglou et al., 2011) .
According to this 4-yr field study (Table 5 ) and our modeling simulation for long-term switchgrass growth (Wang et al., 2015) , switchgrass cultivars can take 2-3 yr to reach full production potential under irrigation conditions. Establishment year yields of the southern and northern cultivars were 70 and 23%, respectively, of mean yields for established stands during 2009-2011. The northern-origin cultivars (Sunburst, Dacotah, and Forestburg) had much lower biomass productivity than the southern lines (Blackwell, Pathfinder, and Trailblazer). The southern lines were selected from latitudes similar to Colorado where this study was conducted. Our study supports the recommendation of Parrish and Fike (2009) to avoid using cultivars more than 500 km from their areas of origin.
With minimal irrigation, the observed biomass yield averaged from 4.1 to 10.3 Mg ha -1 yr -1 across years on this marginally saline soil with 4.2 dS/m soil electrical conductivity. On highly erodible marginal cropland in the midcontinental US, measured annual average biomass yields from 10 farms of 5.2-11.1 Mg ha -1 yr -1 with a mean N application rate of 74 kg ha -1 yr -1 . Marra et al. (2013) reported an average switchgrass yield of 5.76 Mg ha -1 yr -1 across varieties and years on reclaimed surface mines in West Virginia with no N addition, which was about 50% lower than on agricultural lands. Brown et al. (2015) reported switchgrass yield can be as high as 10.6 Mg ha -1 yr -1 after the sixth year of production on mine land reclaimed with topsoil in West Virginia, while the same land reclaimed without topsoil yielded only 0.34-2.0 Mg ha -1 yr -1 . Results from these studies combined with our findings indicated the yield of switchgrass is generally lower on marginal or reclaimed land than that on productive soils (Vogel et al., 2002) .
root biomass
Root biomass declined with depth, with the greatest root biomass in the top 20 cm of soil (Fig. 1A) . Total root biomass of rainfed Blackwell and Pathfinder to the 0.6 m depth was 6.0 and 4.4 Mg ha -1 yr -1 , respectively. Irrigation significantly increased root biomass by 48% (to 8.9 Mg ha -1 yr -1 for Blackwell) and 148% (to 10.9 Mg ha -1 yr -1 for Pathfinder) (P < 0.05), respectively (Fig. 1B) . When the two cultivars were compared under the same management scenario, no significant varietal difference was observed (P > 0.05) (Fig. 1) .
The observed root biomass under minimal irrigation conditions in this study is greater than the reported values of 7.3 Mg ha -1 yr -1 for Blackwell and 9.7 Mg ha -1 for Pathfinder (Bransby et al., 1998) , while significantly lower than the 13.4-22.9 Mg ha -1 yr -1 in the 0-60 cm soil observed by Ma et al. (2001) . A previous study reported that root mass of switchgrass varied between Blackwell and Pathfinder (Bransby et al., 1998) , but in the present study, the difference between the two cultivars was not significant to a depth of 60 cm.
soil carbon and nitrogen stocks
Four years after switchgrass establishment, soil C and N contents were observed to decrease with soil depth (Fig. 2) . Soil organic carbon content in the 0-20 and 20-40 cm depths was significantly greater than that in the 40-60 cm depth ( Fig. 2A) . Similarly, significantly greater STN content was found in the 0-20 and 20-40 cm depths compared to the depth of 40-60 cm (Fig. 2B) . Within the 0-20, 20-40, and 40-60 cm soil depths, no significant difference was found between irrigated and rainfed switchgrass in SOC 4 yr after switchgrass establishment ( Fig. 2A) . Irrigation significantly increased STN content only in Blackwell plots within the top 60 cm depth ( Fig. 2A) . Also, there was no significant difference (P > 0.05) in SOC content at each depth between the two cultivars under the same management scenario (Fig. 2B) .
Total SOC in the 0-20 cm soil profile for irrigated Blackwell and Pathfinder switchgrass plots increased from 31.50 Mg C ha -1 at establishment to 36.95 Mg C ha -1 and 36.77 Mg C ha -1 , respectively, after 4 yr of growth. The field results showed that irrigated-Blackwell sequestered 1.36 Mg C ha -1 yr -1 and irrigated-Pathfinder sequestered 1.32 Mg C ha -1 yr -1 into the soil (Fig. 3) . The SOC accumulation rates were 1.08 and 1.07 Mg C ha -1 yr -1 , respectively, for rainfed Blackwell and Pathfinder. The difference in SOC accumulation rate was not statistically significant between irrigated and rainfed switchgrass. Collins et al. (2010) used the natural 13 C abundance of soils to calculate the quantity of C inputs in irrigated fields cropped to switchgrass monocultures for 3 yr in WA, and reported the average accrual rate of SOC from switchgrass was 1.0 Mg ha -1 yr -1 in 0-20 cm soil depth with the annual N rate of 224 kg N ha -1 . Follett et al. (2012) found similar result for switchgrass in which SOC increased annually at a rate of 0.9 Mg C ha -1 within the 0-30 cm soil depth in a 10-yr C sequestration study in eastern Nebraska with an N input of 60 kg ha -1 . Liebig et al. (2008) reported SOC increased in the 0-30 cm soil depth at 1.1 Mg C ha -1 yr -1 for 5 yr following switchgrass establishment. Monti et al. (2012) concluded that the annual rate of soil C sequestration rates for perennial warm-and cool-season grasses average about 1.0 Mg C ha -1 yr -1 . Blanco-Canqui et al. (2014) reported switchgrass can accumulate about 0.85 Mg ha -1 yr -1 of SOC at the 0-15 cm soil depth.
In the current study, a significant positive correlation between root biomass and SOC stocks (r = 0.90) was found in the marginally saline soil, suggesting that more root biomass C inputs result in greater SOC stocks (Fig. 4) . According to previous studies, the effects of increased root biomass inputs on SOC dynamics are variable, depending on field conditions and soil characteristics including soil temperature, moisture, and microbial activity, in addition to the field management practices and C/N ratio of root biomass (Apesteguía et al., 2015) . Most previous studies showed a significant increase in SOC stocks due to increased biomass C inputs and the implementation of irrigation (Collins et al., 2010; Lemus and Lal, 2005; Ma et al., 2000; Monti and Zatta, 2009.) . On the other hand, some studies reported that SOC is not increased with increased root biomass because more fresh litter stimulates increased microbial activity in the soil (Trost et al., 2014) . The increase of the activity of decomposer microorganisms resulted in the higher decomposition rate of litters, which can counteract the greater root biomass inputs, resulting in no net gains of SOC (Apesteguía et al., 2015) .
Many studies reported irrigation can lead to a significant increase in SOC stocks (Gillabel et al., 2007; Wu et al., 2008; Wang et al., 2015) , especially under arid and semiarid climates (Denef et al., 2008) . In the current study, no statistically significant difference in soil C stocks was found between irrigated and rainfed switchgrass (P > 0.05) (Fig. 3) . Bordovsky et al. (1999) and Trost et al. (2014) also found higher but not statistically different SOC stocks in irrigated compared with non-irrigated plots in a semiarid climate. In our study, the following reasons may explain the lack of significant change in SOC stocks between minimally irrigated and rainfed plots: 1) the amount of irrigation water for minimal irrigation treatment was relatively low, and 2) the duration of irrigation was relatively short (3 yr) compared to the slow process of SOC change. Therefore, further study on SOC stocks as affected by irrigation management in semiarid environments is needed.
conclusIons Six cultivars of switchgrass were grown on marginal quality soil under two irrigation regimes to assess their potential for use as an energy crop. Our results suggest that the southern-origin cultivars had greater biomass yields (averaging 9.5 and 6.9 Mg ha -1 yr -1 in the irrigated and rainfed plots, respectively) than the northern cultivars (averaging 5.9 and 5.0 Mg ha -1 yr -1 , respectively). Therefore, three southern-origin cultivars were recommended over the northern origin cultivars for this region. Mean annual supplemental irrigation input of 21 cm significantly increased above and below ground biomass, but didn't significantly increase soil C content compared to the rainfed plots 4 yr after establishment. Switchgrass needs modest irrigation input growing in the semiarid environment and has the ability to sequester C into the marginally saline soils. Blackwell and Pathfinder switchgrass can contribute to improved soil quality by C sequestration while supplying significant quantities of biomass for biofuel synthesis. More research is needed to conduct the cost and benefit analysis for irrigated and rainfed switchgrass production in semiarid environments.
